During a study of the effect of various analogues on the growth of Bacillus megaterium, 8-azaguanine was found to be a powerful growth inhibitor. The present work shows that 8-azaguanine is incorporated into the nucleic acids of this organism and that it is a potent bactericidal agent, especially under conditions where growth is possible.
MATERIALS AND METHODS B. megaterium strain KM was grown on a basal medium of the following composition: 1.0% glucose, 0.65% Na-L-glutamate, 0.3% K2HPO4, 0.1% KH2PO4, 0.1% Na2S04, 0.01% MgSO4 7H20, and 3 X 10-4 M ferric citrate (final pH, 7.0). Mutant A, a tyrosine-or phenylalaninerequiring substrain of this organism (isolated during the course of this investigation), was Permanent address: Institut Pasteur, Garches, Seine et Oise, France. 27 grown on the above basal medium supplemented with the complete amino acid mixture shown in Table 1 . This is a modification of an equilibrated amino acid mixture (Roberts et al., 1957) , containing L-amino acids in ratios corresponding to their occurrence in Escherichia coli proteins. The basal medium containing a complete amino acid mixture was also used in several experiments with strain KM. Vigorous aeration was provided by growing 10-to 40-ml quantities in 250-ml Erlenmeyer flasks, on a rotary shaker (30 or 37 C). Flasks with attached colorimeter tubes were used in experiments on growth rates. Optical densities were determined with a Klett-Summerson colorimeter, using filter no. 64.
Unless otherwise stated, 8-azaguanine and other compounds were added to exponentially growing cells at 50 Klett units (approximately 7 X 107 viable cells/ml).
The following procedure was used in most experiments on the bactericidal effect of 8-azaguanine: The inoculum consisted of cells growing exponentially at 30 C on basal medium supplemented with the complete amino acid mixture (Table 1) . Cells were harvested by centrifugation, washed twice with basal medium, and resuspended in basal medium. Cells were incubated in growth flasks on a rotary shaker at 37 C, until approximately two generations had occurred (reading of 50 Klett units). A sample was then removed for a viable count and 8-azaguanine was added (final concentration, 100 m,umoles/ml). After mixing, a 10.0-ml sample was transferred to a 200-ml Erlenmeyer flask, which was incubated with shaking at 37 C. Care was taken to avoid the adherence of small droplets of suspension to the sides of the flask. Samples of 1 ml were periodically removed, centrifuged, washed twice with basal medium, and finally diluted in the basal medium. Samples (0.1 ml) of appropriate dilutions were spread on the surface of plates containing the basal medium MANGALO * A tenfold concentrated amino acid mixture was adjusted to pH 6.6 and sterilized by autoclaving; 1 ml was added to 9.0 ml of basal medium to give the indicated concentrations of amino acids in ,umoles per ml.
supplemented with 2% agar (basal agar). Colonies were counted after incubation for 48 to 72 hr at 30 C. In some experiments, the inoculum consisted of cells growing exponentially in the basal medium alone (absence of amino acid mixture) at 30 C. Cells uvere sometimes plated on basal agar containing guanosine (0.5 Mmoles/ ml) or on basal agar containing the amino acid mixture of Table 1. For experiments on the uptake of the radioactive analogue, 8-azaguanine-2-C"4 was added to exponentially growing cells at a final concentration of 100 m,umoles/ml. The suspension was transferred to a fresh 200-ml Erlenmeyer flask, which was incubated with shaking. Samples (1 ml) were removed and mixed with 1.0 ml of 10%, trichloracetic acid (TCA) in an ice bath. After allowing 15 min for flocculation to occur, 8.0 ml of 5% TCA were added. The precipitate, obtained by centrifugation in the cold, was washed with 10 ml of cold water and resuspended in 2.0 ml of water. Samples (1 ml and 0.5 ml) were dried on plastic planchets and counted at infinite thinness in a gas flow counter (Nuclear-Chicago Corp., Des Plaines, Ill.) for a minimum of 640 counts. The inhibitory effect of the analogue can be completely reversed by the simultaneous addition of purines and their derivatives ( Table 2) . None of the pyrimidine derivatives, nor 4-amino-5-imidazolecarboxamide, has any effect. The effect of the addition of different concentrations of guanosine is shown in Fig. 2 . It appears that the cells continue to grow at the same rate as the control, until the guanosine is exhausted. The greater the guanosine concentration, the longer the period of normal exponential growth prior to the onset of growth inhibition.
Although there is a 30-min lag in growth inhibition, there is no detectable lag in the uptake of 8-azaguanine-2-C'4. The results of two experiments are presented in Fig. 3 . There is a maximal linear uptake of the analogue for about 2 hr.
Cells suspended in 5%, TCA and heated at 90 C for 20 min, lose essentially all of their radioactivity. This suggests that 8-azaguanine-2-C'4 has been incorporated into the nucleic acids. In B. cereus, this analogue has been found to replace guanine (Smith and M1atthews, 1957) .
Based on the amount of ribonucleic acid (RNA) present after the 2-hr incubation (ribose determination) and assuming that the analogue is incorporated instead of guanine, there is a replacement of approximately 20% of the guanine by 8-azaguanine. This agrees well with the value of 18% reported by Jeener, Hamero-Casterman, and Mairesse (1959) , for another strain of B. megaterium. Based on the amount of RNA synthesized in the presence of 8-azaguanine, the replacement is of the order of 40%. Adenine Cytidine Guanine Uridine Guanosine Thymidine Deoxyguanosine 4-Amino-5-imidazInosine olecarboxamide 2, 6-Diaminopurine * Strain KM was grown in basal medium at 30 C. Both 8-azaguanine and the compound tested were added simultaneously to exponentially growing cells at a final concentration of 500 m,umoles/ml. Growth was followed turbidimetrically.
Data on the kinetics of killing by 8-azaguanine are presented in Fig. 4 . There is little change in the viable count for the first 30 min, in agreement with the lag in growth inhibition shown turbidimetrically (Fig. 1 ). This is followed by a period of rapid death, during which the viable count decreases by approximately 3 logarithms in 30 min. Subsequently, the rate of killing is much lower; there is a decrease in the viable count of approximately 2 logarithms in 4 hr. If the survivors are grown on basal medium in the absence of 8-azaguanine, and then exposed to the analogue under the conditions of the previous kinetic experiment, a curve similar to that of Fig. 4 8-A zaguanine-fR-C'4 was added to exponentially growing cell-s at a final concentration of 100 mpmoles/ml (71,000 count/mmn perg4.mole). Samples were removed and treated as9 described in Materials and Methods. * Mutant A was grown on the basal medium supplemented with the complete amino acid mixture (AA). Exponentially growing cells were harvested, washed, and resuspended in basal medium with and without AA at 10 Klett units. Cells were shaken for 2 hr at 30 C, and 8-azaguanine was added at a final concentration of 500 m,umoles/ml. Samples were removed and treated as described in Materials and Methods. Samples were plated on basal agar containing guanosine. 8-Azaguanine was added at zero time.
bactericidal only under conditions where growth is possible, i.e., in the presence of the required amino acid (amino acid mixture). The turbidity of the cell suspension doubles, although the +AA 7.7 X 107 4.0 X 104 3.5 X 103 -AA 9. 1 X 107 4. 1 X 105 2.5 X 104 * Strain KM was grown either in basal medium alone or in basal medium supplemented with the amino acid mixture (AA) at 30 C. Exponentially growing cells were harvested, washed, and resuspended in basal medium at 37 C. After allowing two generations to occur, 8-azaguanine was added at a final concentration of 100 m,umoles/ml. Samples were removed and treated as described in Materials and Methods. Samples were plated on basal agar. 8-Azaguanine was added at zero time.
viable count decreases by almost 3 logarithms. In the absence of amino acids, the turbidity of the cell suspension increases slowly, and 8-azaguanine has no effect on viability (8-azaguanine added when cells depleted of residual amino acids). Also, amino acid starvation has little or Growth in the presence of the complete amino acid mixture was found to ha-ve a pronouneed effect on the bactericidal action of 8-azaguanine. In the experiment described in Table 4 , cells were cultured on basal medium plus amino acids, washed, and resuspended in basal medium at 37 C. 8-Azaguanine was added, after allowing two generations to occur. It is apparent that the v7iable count of cells cultured in the presence of amino acids is lower by a factor of 10 than those cultured in the absence of amino acids. In the experiment described in Table 5 , cells were cultured on basal medium alone, and were then transferred to basal medium with and without amino acids. 8-Azaguanine was added after allowing two generations to occur at 37 C. It is clear that 8-azaguanine is a more effective bactericidal agent in the presence of the complete amino acid mixture. The viable count in the presence of amino acids is lower than the count in the absence of amino acids by a factor of 25 (5 hr) to 100 (2 hr). The effect of amino acids on on the uptake of radioactive 8-azaguanine. Strain KM was grown in basal medium alone and in basal medium supplemented with the complete amino acid mixture (AA) at 37 C. 8-Azaguanine-2-C'4 was added to exponentially growing cells of each culture at equivalent optical densities (100 mjmoles 8-azaguanine/ml; 206,000 count/min per ,umole). Samples were removed and treated as described in Materials and Methods. The presence of amino acids has no effect on the growth rate at 37 C. The two dots or circles represent duplicate samples. the uptake of 8-azaguanine-2-C'4 is shown in Fig. 5 . Since amino acids have no effect on the growth rate at 37 C, it is clear that there is an increased uptake of the analogue in the presence of the amino acid mixture (factor of approximately 2).
An experiment on the effect of chloramphenicol on the bactericidal action of 8-azaguanine is shown in Table 6 . The data show that chloramphenicol is primarily bacteriostatic. The concentration of the antibiotic used was five 8-Azaguanine 9.6 X 107 5.1 X 104 Chloramphenicol 9.6 X 107 7.8 X 107 8-Azaguanine + chloramphenicol 9.6 X 107 1.0 X 10, * Strain KM was grown on basal medium at 30 C. 8-Azaguanine (final concentration of 500 m,umoles/ml) and chloramphenicol (final concentration of 100 ,ug/ml) were added to exponentially growing cells, and incubation was continued at 30 C. Samples were removed and treated as described in Materials and Methods. Samples were plated on basal agar. 8-Azaguanine was added at zero time.
times the lexvel needed to completely inhibit growth. It is apparent that chloramphenicol has little or no effect on the bactericidal action of 8-azaguanine. In addition, it was found that chloramphenicol (100 jig/ml) inhibits the uptake of 8-azaguanine-2-C'4 only to the extent of about 25%.
The effect of different concentrations of 8-azaguanine was studied. The following results were obtained when the analogue was added to exponentially growing cells at a population density of 7 X 107 cells/ml and incubated for 5 hr: an increase in the viable count in the presence of 10 m,umoles/ml, a slight decrease in the count in the presence of 50 mumoles/ml, and a maximal rate of death with 100, 500, or 1,000 m,umoles/ml. (Mandel, 1957; Smith and Matthews, 1957) . However, as reported for B.
cereus (Mandel, 1957; Chantrenne and Devreux, 1958) , 8-azaguanine-2-C14 is taken up in a linear fashion, without a detectable lag. The degree of growth inhibition varies directly with the 8-azaguanine concentration, and the growth rate remains constant for at least 5 hr. In part, the inhibition of growth may be explained in terms of a decreased intracellular concentration of an essential guanine derivative. Levin and Magasanik (1959) (Mandel, 1957) and in B. subtilis (Richmond, 1959) . The reversal of 8-azaguanine inhibition by purines and their derivatives has been found in other biological systems (Dewey and Kidder, 1960; Mandel, 1957; Chantrenne and Devreux, 1960) . In agreement with our experiments, neither thymine nor uracil has any effect on 8-azaguanine inhibition of Staphylococcus aureus (Creaser, 1956) . In contrast to our experiments, 4-amino-5-imidazolecarboxamide induces a partial reversal of inhibition in B. cereus (Mandel, 1°57) .
The effect of the complete amino acid mixture on the bactericidal action of 8-azaguanine is currently under investigation. Cells grown in the presence of both the analogue and the amino acid mixture contain twice as much RNA as cells grown with the analogue alone. There is no effect on deoxyribonucleic acid synthesis. This is in agreement with the observed twofold increase in the uptake of 8-azaguanine-2-C04 in the presence of amino acids (Fig. 5 ). At present, it is uncertain why prior growth with amino acids has an effect on analogue action.
The bulk of the 8-azaguanine incorporated into the nucleic acids of B. cereus is present in RNA (Smith and Matthews, 1957) , where it replaces guanine. The Aronson and Spiegelman (1958) and in disagreement with those of Neidhart and Gros (1957) and Pardee, Paigen, and Prestidge (1957) .
The results show that 8-azaguanine is bactericidal for B. megaterium, especially under conditions where growth is possible. This is in disagreement with the work of Mandel (1957) with B. cereus, in which no evidence for the bactericidal effect of this analogue was found. The reason for this discrepancy is not clear. The effect of 8-azaguanine on B. megaterium is similar to the effect of 5-fluorouracil on E. coli (Tomasz and Borek, 1960) . 5-Fluorouracil was found to kill only growing cells. However, the observed decrease in the viable count was only 90 to 95%.
Since 8-azaguanine is bactericidal primarily with growing cultures, this analogue can be used instead of penicillin (Davis, 1948; Lederberg and Zinder, 1948) to obtain cell populations greatly enriched in auxotrophic mutants. This use of 8-azaguanine will be described in a following lpublication (Wachsman and Mangalo, 1962) .
